OFFICE  OF  NAVAL  RESEr\RCH 


Gov't  Order  NAONR  27-73 
Task  No.  NR  356-522 

TECHNICAL  REPORT  NO.  1 

PIEZO-  AND  PYRO ELECTRICITY  IN  POLYMER  ELECTRETS 

by 

M.  G.  Broadhurst,  C.  G.  Malmberg,  F.  I.  Mopsik  and  W.  P.  Harris 


Prepared  for  Publication 
in  the 


Symposium  Volume  of  the  Electrochemical 
Society  -  Conference  on  Electrets,  Charge 
Storage  and  Transport  in  Dielectrics  - 
Miami  Beach,  Fla.  October  8-13,  1972 


Institute  for  Materials  Research,  National  Bureau  of  Standards 

Washington,  D.  C.  20234 


March  1,  1973 


Reproduction  in  whole  or  in  p'art  is  permitted  for 
any  purpose  of  the  United  States  Government 


Approved         Public  Release;  Distribution  Unlimited 


(Proc.  Gonf.  on  Eleotrets,  Charge 
Storage  and  Transport  in  Dielectrics, 
Miami  Beach,  Fla.,  Oct.  1972), 
Chapter  in  Electrets,  Charge  Storage 
and  Transport  in  Dielectrics,  pp.  492- 
504  (Electrochemical  Society,  New 
York,  N.  Y.,  1975)^  


OFFICE  OF  NAVAL  RESEARCH 
Gov't  Order  NAONR  27-73 
Task  No.  NR  356-522 

TECHNICAL  REPORT  NO.  1 

PIEZO-  AND  PYROELECTRICITY  IN  POLYMER  ELECTRETS 

by 

M.  G.  Broadhurst,  C.  G.  Malmberg,  F.  I.  Mopsik  and  W.  P.  Harris 


Prepared  for  Publication 
in  the 


Symposium  Volume  of  the  Electrochemical 
Society  -  Conference  on  Electrets,  Charge 
Storage  and  Transport  in  Dielectrics  - 
Miami  Beach,  Fla.  October  8-13,  1972 


Institute  for  Materials  Research,  National  Bureau  of  Standards 

Washington,  D.  C.  2023A 


March  1,  1973 


Reproduction  in  whole  or  in  p*art  is  permitted  for 
any  purpose  of  the  United  States  Government 


Approved        Public  Release;  Distribution  Unlimited 


DEPARTMENT  OF  THE  NAVY 

OFFICE  OF  NAVAL  RESEARCH 
ARLINGTON,  VIRGINIA  22217 


IN  REPLY  REFER  TO 

i47  2:GAlJ:mDl 
31  ATig  1972 
NR  356-522 


Dr.  M.  G.  Broadhurst 
National  Bureau  of  Standards 
Department  of  Commerce 
Washington,  D.  C.  20231; 

Dear  Dr.  Broadhurst: 

In  order  to  satisfy  reporting  requirements  under  your  project  NR  356-522 
with  this  office,  please  distribute  the  follov/ing  reports  in  accordance 
with  the  schedule  shown; 


yype  of  Report 
Status 

Technical 


Frequency 
Every  3  months 


At  least  one 
every  12  months 


Distribution 

ONR  Chemistry  Program 
Office 


No.  Copies 
(2) 


To  the  enclosed  distribution 
list 


Sincerely  yours, 

GEORGE  A.  NEECE 
Acting  Director, 
Chemistr;^'-  Program  Office 
By  direction  of 
Chief  of  Naval  Research 


End: 

(1)  Distribution  List 

(2)  Report  Requiraaents 


TECHNICAL  REPORT  DISTRIBUTION  LIST 


No.  Copies 

I  (office  of  Naval  Research 
Arlington,  Virginia  22217 
Attn:    Code  hi 2  2 

I ONR  Branch  Office 
;536  S.  Clark  Street 
I  Chicago,  Illinois  60605 
jjAttn:    Dr.  George  Sandoz  1 

! ' ONR  Branch  Office 
I  207  West  2Uth  Street 
'  New  York,  New  York  10011 
I  Attn:    Scientific  Dept.  1 

I 

i  ONR  Branch  Office 

'  1030  East  Green  Street 
Pasadena,  California  91106 
Attn;    Dr.  R.  J.  Marcus  1 

ONR  Branch  Office 
760  Market  Street,  Rm.  hhl 
San  Francisco,  Calfornia  9U102 
!  Attn:    Dr.  P.  A.  Miller  1 

ONR  Branch  Office 
k?^  Suinmer  Street 
-Boston^  Massachusetts    02210  1 

Director,  Naval  Research  Laboratory 
Washington,  D.  C.  20390 
Attn:    Library,  Code  2029  (0NRL)6 
Technical  Info.  Div.  6 
^  Code  6100,  6170  1 

The  Asst.  Secretary  of  the  Navy  (IM)) 

Department  of  the  Navy 

Room  i|E736,  Pentagon 

V/ashington,  D.  C.    203^0  1 

U.  S.  Naval  Ordnance  Laboratory 
White  Oak 

Silver  Spring,  Maryland  20910 
Attn:    Dr.  A.  Lightbody  1 


No.  Copr 

Commander,  Naval  Air  Systems  Comriand 

Department  of  the  Navy 

Washington,  D.  C.  2036O 

Attn:    Code  3IOC  (H.  Rosenwasscr)  1 

Defense  Documentation  Center 

Building  5,  Cameron  Station 

Alexandria,  Virgin 2231U  12 

Army  Research  Office  -  Durham 

Box  CM,  Duke  Station 

Durham,  North  Carolina  27706 

Attn:    CRD-AA-IP  1 

U.  S.  Naval  Oceanographic  Office 
Library,  Code  l61;0 

Suitland,  Maryland    20390  1 

Naval  Ship  Research  &  Development  Center 

Annapolis  Division 

Annapolis,  Maryland  21U02 

Attn:    Mr.  D.  H.  Kallas  1 

Commander 

Naval  Undersea  Research  and  Development 
Center 

San  Diego,  California  92132 

Attn:    Technical  Library,  Code  133  1 

Naval  Weapons  Center 

China  Lake,  California  93555 

Attn:    Head,  Chemistry  Division  1 

Naval  Civil  Engineering  Laboratory 

Port  Hueneme,  California  930U1 

Attn:    Mr,  W.  S.  Haynes  1 


"      *        E!TCLCSl'RS  1/ 


I 


TECHNICAL  REPORT  DISTRIBUTION  LIST 

IJo«  Copies 

National  Bureau  of  Standards 
Institute  for  Applied  Technology 
Departnent  of  Commerce 
Washington,  D.  C.    2023U  . 
Attn:    S.  Edelman  1 

■Dr.  M.  G.  Droadhiirst- 
National  Bureau  of  Standajdg- 
■Departmcnt  of  Gommerec- 
Washington,  D.  C. — 202^k  3=- 

Dr.  H.  Preiser 

University  of  Arizona 

Department  of  Chemistry 

Tucson J  Arizona    85721  1 

Dr.  M.  Litt 

Case  Western  Reserve  University 
Depar'tment  of  Macromolecular  Science 
Cleveland,  Ohio    1^1106  1 


4^ 


CHET^ISTHY  PRDGRAI-:  REPORT  REQUIRrl^SvITS 


6  April  1972 

Techinical  reports  contain  only  scientific  or  technical  inforaation  and  are 
initiated  by  the  cont-ractor,  but  nay  be  reojjested  fron  t±ne  to  tjjne  by  the 
Chemistry  Program  Office.     Completion  of  a  definite  phase  of  the  project  or  attain- 
ment of  significant  results  determine  the  frequency  of  issue.     If  no  technical 
report  has  been  issued  in  a  given  contract  year  an  Annual  Report  on  the  anniversary 
date  of  the  contract  shall  summarize  the  nature  and  results  of  work  pursued  during 
the  year.    Technical  reports  shall  be  so  identified,  in  numerical  sequence,  on  a 
cover  page  (see  attached  sample).    In  the  interest  of  economy,  cover  pages  should  be 
of  the  same  paper  as  that  used  for  the  report  itself.    The  number  of  copies  is 
determined  by  the  distribution  list,  and  the  Chemistry  Program  should  be  advised  of 
ajxy  names  desired  to  be  added  to  the  list.    A  copy  of  the  distribution  list  shall 
be  made  a  part  of  each  technical  report,  manuscript,  or  final  report,  as  appended 
sheets  follo-wing  the  last  page  of  the  report  and  bound  therewith.    A  completed 
"Document  Control  Data  -  RScD"  fora  (DD  Form  lhl3)  shall  be  included  as  the  first 
page  of  each  copy  of  every  technical  report.    The  form  contains  instructions  for 
preparation  and  may  be  obtained  from  the  cognizant  ONR  Administrative  Contracting 
Officer. 


First  manuscripts  of  papers  intended  for  publication  in  an  American  journal 
will  be  accepted  in  lieu  of  technical  reports  provided  they  are  distributed  as 
technical  reports  before  or  at  the  same  time  they  are  submitted  for  publication,  and 
are  so  identified  by  a  cover  page  (see  attached  sample).    I4anuscripts  noz  issued  in 
lieu  of  a  technical  report,  as  \iell  as  manuscripts  of  papers  intended  for  presentat-ion 
at  an  American  meetir^g,  are  always  to  be  sent  to  the  Chemistry  Program  at  the  time  of 
submission  to  the  editor  of  a  journal  or  i-he  secretary  of  a  meeting.  Manuscripi-s 
intended  for  publication  in  foreign  journals  or  for  presentation  at  foreign  meetings 
must  be  sent  to  the  Chemistry  Program  for  security  review  and  clearance  prior  to 
distribution  as  a  technical  report  or  submission  for  publication  or  presentation. 

In  acknowledging  ONR  support  in  the  body  of  manuscripts  prepared  for  publication, 
thefollowing  wording  should  be  used:  "This  work  was  supported  in  part  by  the  Office 
of  Naval  Puesearch".  Contract  or  task  numbers  should  not  be  cited.  The  reproduction 
statement  of  the  cover  page  should  not  appear  in  the  body  of  the  manuscript. 

Status  reports  are  private  cammunications  between  the  contractor  and  the  Chemistry 
Program,  ana  Lheir  contents  will  not  be  disclosed,  except  to  official  advisers, 
without  consent  of  the  contractor.    Their  purpose  is  to  enable  the  Chemistry  Program 
to  follow  the  project  in  detail.    They  will  include  statements  about  the  ^vork  carried 
out  during  the  report  period,  the  results,  the  work  planned  for  the  next  period, 
and  housekeeping  details. 

A  final  report  is  to  be  distributed  at  the  termination  of  the  contract.  It 
should  contain  a  recapitulation  of  accomplishments,  with  derivable  conclusions. 
Brevity  may  be  maintained  by  making  reference  to  earlier  reports  and  manuscripts. 
The  applicable  journal  references,  if  any,  should  be  sho^m  in  parentheses  irmediately 
following  the  listing.    Funds  for  the  preparation  and  distribution  of  the  final 
report  should  be  provided  for  before  the  expirai-ion  of  the  contract.    Although  a 
delay  of  several  months  in  issuance  of  the  final  report  is  usually  acceptable, 
extension  of  the  contract  period  solely  for  the  purpose  of  preparing  and  disLributing 
the  final  report  will  not  be  approved. 


ENCLOSURE  Tl^y 


PIEZO-  AND  PYROELECTRICITY  IN  POLYMER  ELECTRETS 


"M.  G.  Broadhurst,  C.  G.  Malnberg,  F.  I.  Mopsik  and  W.  P.  Harris 
Institute  for  Materials  Research, National  Bureau  of  Standards 

Washington,  D.  C.  2023A 

ABSTRACT 

A  model  for  a  polymer  electret,  based  on  an  elastically  iso- 
tropic solid  with  orientationally  frozen  molecular  dipoles,  was 
developed  and  tested  experimentally'.     Tliis  electret  is  shown  to  be 
both  piezoelectric  and  pyroelectric.     The  polarization  is  shown  to 
change  with  mechanically  and  thermally  induced  strains  in  the  polar- 
ization direction.     The  currents  generated  by  the  electret  will  be 
proportional  to  the  strain  rate  and,  for  thin  contact  electrodes  and 
uniform  strains,  unaffected  by  the  presence  of .  real  charges.  Poly 
(vinyl  chloride)  films  were  poled  at  SO^C,  just  above  their  glass 
transition  temperature.     The  pressure-and  temperature-induced  short- 
circuit  currents  in  the  polarization  direction  equalled  0 . 15 (pA/cm^) / 
(bar/min)  and  2.2  (pA/cm'^)  /  (K/min)  respectively  for  a  specimen  poled 
at  320  kV/cm.     These  currents  were    1)  reversible  and  proportional  to 
the  rate  of  temperature  or  pressure  change,     2)     proportional  to 
poling  voltage"  up  to  320  kV/cm,  3)     in  the  direction  corresponding  to 
increasing  polarization  with  increasing  pressure  and  decreasing 
temperature,  4)     stable  with  time  without  special  storage  conditions, 
5)    about  1.6  times  as  great  for  temperature  induced  strains  as  for 
equivalent  pressure  induced  strains  and    6)  about  2-4  times  as  great 
in  magnitude  as  expected  from  dielectric  constant  measurements.  The 
apparent  polarization  from  temperature  measurements  for  the  320  kV/cm 
specimen  was  about  1.7  uC/cm^,  or  about  1/3  the  value  expected  for 
maximum  alignment  of  dipoles.     In  the  same  specimen  the  pyroelectric 
coefficient  was  found  to  be    P3  =  -  0.39  nC/cva.^  K  and,  assuming 
elastic  isotropy,  the  piezoelectric  strain  coefficients  Were  found 
to  be  d3i=d32=d33  =  -  0.89  pC/N. 


Introduction 


Oliver  Heaviside  first  postulated  the  existence  of  a  permanent 
electric  monent  in  a  dielectric  solid   [1].     Experinental  confimation 
came  in  the  early  1920 *s  with  the  work  of  Eguchi  on  wax  and  rosin 
mixtures  which  were  solidified  in  the  presence  of  a  strong  electric 
field  [2].     It  was  recognized  early  [3],  that  two  types  of  polari- 
zation were  generally  present  in  electrets  -  one  due  to  a  homocharge 
having  the  same  polarity,  the  other  due  to  a  heterocharge  having  the 
opposite  polarity  to  that  of  the  adjacent  polarizing  electrode.  It 
is  generally  agreed  that  the  heterocharge  arises  fron  a  more  or  less 
uniform  vola^e  polarization  of  the  dielectric  by  means  of  a  permanent 
dipole  orientation,  by  charge  diffusion,  or  by  a  not-yet-understood 
charge  separation  and  trapping  mechanism.     The  homocharge  is  thought 
to  be  real  charge  very  near  the  dielectric  surface  and  due  to  con- 
duction between  dielectric  and  electrode,  to  field  emission  to  or 
from  the  electrodes,  or  to  breakdown  in  the  electrode-specimen  gap. 
Contact  electrif icatiop  (due  to  rubbing  the  surface  of  the  specimen) 
is  also  a  known  source  of  surface  charge. 


Soon  after  their  discovery,  electrets  were  shown  to  be  both 
piezoelectric  and  pyroelectric  [4],     However,  work  on  these  effects 
focused  on  crystalline  solids  and  little  work  was  done  on  amorphous 
electrets'.     In  1960  Gubkin  [5]  published  an  electrostatic  theory  of 
piezoelectricity  which  did  not  involve  the  microscopic  structure  of 
the  electret.     This  approach  would  seem  to  be  a  much  better  descrip- 
tion of  the  phenomenon  of  piezoelectricity  in  pol>'mer  materials, 
many  of  which  are  partially  or  completely  amorphous,  than  the 
classical  approach  [6]  which  is  concerned  with  structure  in  the 
dielectric.     Fukada  and  coworkers  [7]  have  reported  results  of  a 
large  number  of  measurements  of  piezoelectricity  in  biological  and 
synthetic  pol>— lers  and  have  emphasized  the  importance  of  structure 
in  interpreting  the  data.     Other  investigators  have  reported 
measurements  of  piezoelectricity  [8,9]  and  pyroelectricity 
(9,10,11,12]  in  poly (vinylidene  fluoride)   (PVF2)  films.     The  pyro- 
electric activity  in  polymers  seems  to  be  closely  related  to  piezo- 
electric activity,  and  PVF2  is  one  of  the  most  active  of  the  pol\Tners 
yet  studied.     As  yet  there  seems  to  be  no  systematic  experimental 
approach  to  piezoelectric  pol>'mers  based  on  bulk  theory  such  as 
that  proposed  by  Gubkin.     Below  we  give  a  brief  summary  of  Gubkin's 
theory  and  apply  it  to  the  piezo-  and  pyroelectric  effects  in 
poly (vinyl  chloride)   (PVC)  films. 


• 


Gubkin's  Phenomenological  Theory 


Consider  the  dielectric-electrode  assembly  in  figure  1.  Assume 
the  thicknesses  of  the  disk,  L,  and  air  gaps,  2.,  are  small  with 
respect  to  their  widths  so  that  edge  effects  are  negligible.  The 
dielectric  disk  has  a  dielectric  constant    k*     and  an  arbitrary 
charge  distribution    o(z)     assumed  to  be  a  function  only  of  the  co- 
ordinate (z)  perpendicular  to  the  disk  surface.     p(z)     is  made  up 
of  both  real,        (z) ,  and  induced    p^  (z)  charges  and  the  polari- 
zation is  given  by 

dlv  P(z)     =  -  p^(z)  (1) 

Taking  a  very  simple  case  of  no  net  charge  on  the  disk 
L 

(i.  e.     /     p  (z)  dz=0)  and  of  charges  on  the  opposite  surfaces  of 


..  e.     f  p^(z) 


the  disk  equal  in  magnitude  but  opposite  in  sign,  one  can  write  the 
surface  charge  density  on  the  electrodes  as 


a  = 


e  <*V 


(2) 


where    a      is  the  apparent  real  surface  charge  due  to    p^(z),  V 
is  the  potential  difference  between  the  electrodes,     z     'is  the 
permittivity  of  free  space,     P      is  the  frozen-in  part  of  the 
(uniform)  polarization  and    a      is  the  real  surface  charge 
density  [13].     Gubkin  [5]  identified  the  piezoelectric  effect  with 
the  pressure  derivative  of  the  electrode  surface  charge  density, 
da/dp.     We  will  be  concerned  with  the  response  to  both  hydro- 
static pressure  and  temperature,  6  .     The  above  equation  is  equiv- 
alent but  simpler  for  our  purposes  than  that  derived  by  Hayakawa 
and  Wada  [14] . 

Application  to  Isotropic  Amorphous  Solids  With  Rigid  Dipoles 

Since  we  will  restrict  our  measurements  to  a  specific  set  of 
experimental  conditions,  we  can  simplify  Eq.   (2).     These  conditions 
are : 


1)    We  measure  changes  in  surface  charge  at  nearly  zero 
potential  (V=0) . 


2)  We  use  thin  evaporated  metal  electrodes  so  that 

£/L  «  1,  and  the  electrodes  change  area  in  accord  with  changes 
in  specimen  area,  A. 

3)  We  consider  only  amorphous  specimens  which  we  assume  to  be 
clastically  isotropic. 

A)    We  assume  the  free  charges  to  be  frozen  in  the  solid  and  to 
move  in  proportion  to  macroscopic  strains, and  the  polarization 
charges  to  be  rigid  molecular  dipoles  whose  positions  move  in  pro- 
portion to  macroscopic  strains  but  whose  effective  total  moment,  M, 
remains  constant  as  long  as  the  strains  are  isotropic. 

Under  these  conditions  , with    a    =  Q  /A    and    P    =  M/AL,  we 

r        r  s 

can  write  the  electrode  charge  as. 


We  will  use  a  coordinate  system  fixed  in  the  specimen  such  that 
the  +  2    axis  is  normal  to  the  film  surface  in  the  direction  of  the 
poling  field  and    x    and    y    are  in  the  plane  of  the  film.  The 
charge   ,Q  ,  is  that  on  the  surface  which  was  maintained  at  a  positive 
potential  during  poling  (bottom  electrode  in  figure  1).  The 
electrode  charge  depends  only  on  sample  thickness, L , and  will  change 
with  isotropic  volume  strain    d(ln  v)     according  to 


(3) 


the 


(A) 


(9Q/3p)v=o,e  ^''^  P3B/3, 


(5a) 


and 


(5b) 


and  the  currents  from  this  electrode  resulting  from  a  varying 
pressure  or  temperature  are  given  by 


(6a) 


and 


(6b) 


In  the  above    a  =  (3 (In  v)/39)     is  the  coefficient  of  thermal 
expansion  and  3  =  -  (3 (In  v)/3^)g     is  the  compressibility,  and 
V*=0  means  at  constant  near-zero  voltage. 

The  piezoelectric  strain  coefficient    d..  =  (3P  ./3T.)„  is 

iisiiV 

the  change  in  the  polarization  along  the  i 

direction  with  respect  to  stress  T.  at  constant  electric  field. 
Thus,  for  the  elastically  isotropic  electret 

d     ■=  -       oil.  V/3T  )y  =  -       B/3  (7) 


The  pyroelectric  coefficient  at  zero  field  p.=(3P^/38)^ 
is  the  change  in  polarization  at  constant  stress  aiong 
the    i    axis  with  respect  to  temperature.  Thus, 


P3  =  -  PgOln  v/39)^=  -  P^a  =  3 (3Q/ 39)y^Q^p/A.  (9) 

One  can  estimate  the  expected  value  of    P      during  poling  from 
dielectric  constant  data.     If  at  room  temperature  the  static 
dielectric  constant  is    <^    and  at  some  elevated  temperature,  f rom  _ 
which  the  sample  is  coolea  under  an  applied  field,  ^^^-^  »  the 
dielectric  constant  is    <^  ,  then  the  poling  procedure  can  be 
expected  to  freeze  in  a  dipolar  polarization 


P    =  (<o  -  E    -       .  (10) 

p         e        R    o    pole  . 

In  general,  for  a  non-crystalline  polar  material  like  PVC,  P 
is  considerably  less  than  the  maximum  value  of     P    possible  by  ^ 
complete  dipole  alignment,  and  is  usually  linear  with     E  up 
to  breakdown  fields.     Crystalline  materials  such  as  ?VF2^ 
are  reported  capable  of  a  much  higher  degree  of  orientation  than 
PVC  [15] .     It  is  convenient  to  use  a  reduced  polarization 
P  /e    E    ,     to  describe  a  particular  polymer.     This  quantity  gives 

S      O      pole  ^  1  .  y  to 

the  apparent  freezeable  dielectric  increment  and  is  comparable  to 
the  reduced  heterocharge  used  to  describe  thermally  stimulated 
current  results  [16]. 


Specimens 


The  specimens  used  in  this  study  were  made  from  5  mil  (127  ym) 
commercial  rigid  PVC  film  with  a  glass  transition  near  70°C.  The 
material  was  quite  stable  with  respect  to  weight  loss,  as 
determined  by  repeated  weighings  after  temperature  cycling  and 
evacuation.     After  the  films  were  cleaned  with  detergent  and  water 
and  dried,  circular  gold  electrodes  of  6.35  cm^  area  were  evaporated 
on  both  sides  of  each  specimen.     Some  measurements  were  also  made  on 
a  commercial  film  of  PVF2. 

Poling 

Specimens  were  placed  between  1/A"  thick  glass  plates  to 
prevent  distortion  and  heated  to  (80  +  I)°C  in  an  oven.     A  high 
voltage  DC  power  supply  was  used  to  apply  (3.9  +   .0.2)kV  across  a 
series  of  wire-Tv'ound  resistors  (with  4^  1%  nominal  accuracy)  having 
a  total  of  9.6  MiT  resistance.     These  resistors  were  arranged  so 
that  taps  were  available  at  1/2,  1/A,  1/8  and  1/96  of  the  total 
resistance.     These  resistance  ratios  had  a  measured  accuracy  of 
better  than  +  1%.     The  taps  were  used  to  apply  voltages  of  3.9, 
3.9/2,  3.9/4  and  3.9/8  kV  across  specimens  Al,  A2,  A3  and  A4 
respectively.     The  voltage  from  ground  to  the  1/96  total  resistance 
tap  was  monitored  with  a  precision  voltmeter  and  recorder. 

Immediately  following  application  of  the  poling  voltage  the 
oven  was  cooled  from  80°C  to  room  temperature  in  1/2  hour.  During 
this,  time  the  poling  voltage  gradually  increased  by  about  2%. 

Specimen  Bl  (PVF2)  "was  poled  under  similar  conditions. 

Measurements  of  Piezo-  and  Pyroelectric  Currents 

The  specimen  holder  shown  in  figure  2  was  machined  from  solid 
copper  10.2  cm  in  diameter  and  8.9  cm  high.     The  specimen  chamber 
is  5.1  cm  in  diameter  and  3.2  cm  high.     (A  minimum  of  2.5  cm  wall 
thickness  surrounds  the  chamber) .     One  thermocouple  hole  is  located 
in  the  copper  just  below  the  center  of  the  chamber  and  pressure- 
tight  fittings  are  used  to  admit  a  second  thermocouple  and  a 
shielded  current-measuring  lead  to  the  chamber.     A  copper  tube  in 
the  lid  allows  helium  gas  to  be  added  to  and  removed  from  the 
chamber  and  the  lid  is  sealed  with  a  rubber  "0"  ring  and  secured 
with  cap  screws.     Pressure  is  controlled  by  allowing  helium  gas 


from  a  cylinder  to  leak  into  and  out  of  the  chamber  through  a  meter- 
ing valve  and  is  monitored  with  an  accuracy  of  better  than  +  1% 
with  a  pressure  transducer  and  strip-chart  recorder  (all  shown  in 
figure  3) . 

To  change  and  control  its  temperature,  the  holder  is  placed  on 
the  copper  block  shown  in  figure  3.     Streams  of  warm  and  cool  water 
from  thermostated  baths  pass  through  the  block,  and  the  rate  of 
heating  and  cooling  is  controlled  by  the  positions  of  the  valves 
shown  in  figure  3.     The  temperatures  in  the  block  and  chamber  are 
measured  with  a  precision  voltmeter  and  monitored  on  a  chart 
recorder.     A  double  chromel-constantan  thermocouple  in  the  chamber 
gives  an  emf  of  120  yV/K.     The  holder  is  conveniently  used  up  to 
14  bar  (200  psi)  and  within  +  10  K  of  room  temperature. 

The  poled  specimens  are  placed  in  the  bottom  of  the  chamber 
with  the  "plus"  electrode  up.     The  "plus"  electrode  is  the  one 
maintained  at  positive  potential  during  poling.     A  specimen  is  in 
place  in  figure  2.     The  specimen's  bottom  electrode  is  in  contact 
with  the  grounded  copper  can.     A  spring  and  foam  sponge  provide  the 
force  necessary  to  maintain  contact  between  the  upper  specimen 
electrode  and  a  thin  brass  strip  connected  to  the  shielded  current- 
measuring  lead.     This  lead  is  connected  to  a  low- impedance  current 
amplifier  which  is  specified  to  operate  with  a  maximum  of  AOO  yV 
across  the  input  leads.     The  current  amolifier  is  operated  on  a 
(10^1  +  A%)V/A  range  and  the  amplifier  output  drives  a  strip-chart 
recorder  with  a  calibrated  (+  1%)  full  scale  sensitivity  of  from 
100  to  0.01  V.     The  chart  recorder  is  typically  used  to  measure 
10*"^^  A  full  scale,  with  a  nominal  accuracy  of  +  5%. 

Pressure,  temperature  and  current  data  are  recorded  simul- 
taneously on  chart  recorders  and  are  then  analyzed  by  measuring  from 
the  chart  records  several  values  of  the  slopes  of  the  pressure- 
time  curves  and  corresponding  currents  at  constant  temperature  and 
of  the  temperature-time  slopes  and  corresponding  currents  at 
constant  pressure.     Data  taken  in  this  way  from  a  single  specimen 
loading  yield  a  standard  deviation  of  +  2%.     Values  for  different 
loadings  of  the  same  specimen  show  a  variation  of  about  5%. 
Including  uncertainties  in  specimen  thickness,  electrode  area,  time, 
poling  voltage,  etc., we  found  the  precision  to  be  about  5%  and 
estimated  the  accuracy  to  be  about  10%. 


Typical  Data 


Strip  chart  recording  traces  for  specimen  Al  are  shown  in 
figures  4  and  5.     In  figure  A  the  specimen  is  first  cooled,  heated 
and  cooled  again  in  the  region  of  23°C.     The  magnitude  of  the 
current  increases  as  the  rate  of  temperature  change,  d6/dt. 
Increases,  reverses  with  a  reverse  in  temperature  change  and  is 
constant  when    d9/dt  is  constant  and  zero  when  d9/dt  is  zero. 
Cooling  produces  a  negative  current  from  the  "plus"  electrode. 
Figure  5  shows  the  results  of  increasing  and  decreasing  the 
pressure  through  two  cycles  around  120  psi  (about  8  bars).  Here 
the  current  response  is  more  complex  because  of  adiabatic 
temperature  effects  in  the  helium  pressurizing  gas  during  pressure 
change.     As  the  metering  valve  is  opened  the  helium  enters  the 
chamber  causing  a  piezoelectric  response.     Heating  by  the  gas 
causes  an  opposite  pyroelectric  response  which  gradually  diminishes 
as  the  specimen  temperature  equilibrates   (in  about  30  s).  The' 
piezoelectric  current  then  predominates  and  gradually  decreases  in 
magnitude  as  the  rate  of  pressure  change  falls  off  and  the  pressure 
approaches  the  fixed  pressure  head.     The  direction  of  the  piezo- 
electric current  is  such  that  an  increase  in  pressure  produces  a 
negative  current  from  the  "plus"  electrode.     The  polarization  of 
the  sample  thus  increases  with  either  a  decrease  in  temperature  or 
an  increase  in  pressure  as  expected  from  the  electret  model. 

Results  of  the  Measurement 

The  results  of  the  measurements  are  shown  in  Table  1.  The 
values  of    P  (p)  and    P  (9)     were  calculated  from  Eq .    (6)  using 
values  of      ^      S/3  =  o!86  x  10~5/bar  and      a/3  =  0.78  x  lO"'*  /K  ■ 
which  we  measured  for  one  of  the  PVC  films  in  the      z  direction 
with  a  capacitive  strain  gauge  to  be  described  elsewhere.  These 
values  are  in  reasonable  accord  with  published  values  for  bulk. 
PVC  of      B/3  =  0.80  X  10-=/bar  and        a/3  =  0.67  x  lO^^/K  [17], 
indicating  that  large  anisotropic  effects  are  not  present. 
Assuming  isotropy  we  can  reduce  the  piezoelectric  results  further 
with  the  aid  of  Eq.    (8).     Values  of  the  piezoelectric  strain 
constants  so  calculated  are  shown  in  Table  2,  with  some  values 
chosen  from  the  literature  for  other  materials. 

The  pyroelectric  coefficients,  pyo£  PVC  are  proportional  to 

the  poling  field  from  320  to  AO  kV/cm.     The  values  obtained  are 

about    p^  =  1.2  x  E    ,     nC/cm^  where    E     ,       is  in  MV/cm.  These 

.  vole  .  ,  ,pole  ^  «  ^  ,     „i  9„ 

values  are  quite  comparaole  to  reported  values  of  0.3  -  2.4  nC/cm'^K 

for  PVF2  films  poled  at  1  MV/cm.     The  pyroelectric  coefficients  in 

Table  1  showed  no  indication  of  decay  after  6  weeks  for  the  A  series 

of  PVC  samples  nor  after  4  months  for  some  comparable  specimens 

prepared  earlier. 


Discussion  of  the  Results 


The  apparent  reduced  polarization  of  the  A  specimens  of  PVC 
from  Table  1  is  61.8  from  temperature  measurements  and  38.3  from 
pressure  measurements.     Dielectric  constant  data  [21]   indicate  that 
cooling  from  80°C  to  room  temperature  under  an  applied  field  should 
yield  a  reduced  polarization  of  only  about  10.     Measurements  on  the 
PVC  used  in  this  study  gave  essentially  the  same  result.     It  is  not 
clear  where  the  extra  apparent  polarization  comes  from  or  why  the 
temperature  and  pressure  data  yield  different  values.     Very  slow 
cooling  near  80°C  would  allow  more  polarization  as  shown  by 
Reddish  [21]  because  of  the  gradual  stiffening  of  the  polymer  chain 
just  above  the  glass  transition  temperature.     However,  it  is 
difficult  to  see  from  Reddish 's  data  how  this  effect  could  give  a 
reduced  polarization  greater  than  about  15.     Another  possible  source 
of  the  enhanced  polarization  is  anisotropic  thermal  expansion  and 
compressibility  in  the  films  which  might  allow,  the  dipoles  to  tilt 
during  strain..   A  third  possibility  is  that  some  as-yet-not-under- 
Stood  charge  separation  -  trapping  mechanism  sometimes  proposed  for 
electrets   [22]  enhances  the  polarization.     A  reduced  heterocharge 
of  16.1  has  been  reported  from  TSD  measurements  on  PVC  [16],  in 
agreement  with  the  value  expected  from  dielectric  data. 

If  one  calculates  the  maximum  polarization  possible  in  PVC 
assuming  complete  dipole  alignment  one  finds,  with  a  dipole  moment 
of  3.6  x  10~^'^C»m  (1.1  Debye)  per  repeat  unit  and  a  density  of 
1.4  g/cm^  [21],  a  P        of  5  x  10"°C/cm^  .     This  value  is  roughly 
triple  the  apparent    "   polarization  from  temperature  data  for  the 
Al  specimen.     If  specimen  Al  is  at  one  third  maximum  dipole  align- 
ment, non-linear  effects  due  to  saturation  would  still  be  within 
experimental  error  in  our  measurements. 

Conclusions 

The  piezo-  and  pyroelectric  currents  generated  in  PVC  films  due 
to  changing  temperature  and  pressure  are  found  to  be  quite  stable, 
reproducible  and  well  behaved.     The  measured  effects  are  accounted 
for  quite  well  by  a  model  of  a  simple  elastic  solid  with  partially 
ordered  rigid  dipoles.     These  results  indicate  that  this  model 
is  a  good  basis  for  understanding  and  studying  piezo-  and  pyro- 
electric effects  in  polymers. 
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Table  1.    Suzaaary  of  Plezo-  and  Pyroelectrlc  Data  on  PVC 


Sp«claeo 


'pole  3 
(kV/cffl)  (nC/aa2K) 


(pC/N) 


P 


B    o  pole 


from  T    from  p         from  T    from  p 


Al 

Ml  (repeat 
after  2  weeks) 

A2 

A3 

A3 

(inverted) 
A4 

Bl  (PVF2) 


320 

320 

1(0 
80 
80 

40 
320 


-0.402 
-0.384 

-0.214 
-0.104 
-0.100 

-0.0537 
-0.885 


-0.873 
-O;909 

-0.510 
-0.244 

-0.111 
-0.704 


1.72  1.02 

1.64  1.05 

0.912  0.593 

0.445  0.284 
0.428 

0.229  0.129 


60.6  35.8 
57.9  37.3 


64.4 
62.8 
60.4 


41.9 
40.0 


64.8  36.4 


Average  for  FVC  aaaples 


61.8  38.3 


Table  2.    Piezoelectric  Strain  Coefficients 


Material 

PVC 

PVC 

PVC 

PVF 

PVF2 

PVF2 

BeO 

ZnO 

CdS 

CdSe 

BaTiO, 


pole 
(kV/cn) 

E  <320 
P 

180 


200 
320 
300 


31 

(pC/N) 

-0.93  E  /320 
P 

0.3-0.5 
11-80 

1-1.3 

3-7 

2 

-0.12 
-4.7 
-5.18 
-3.92 
-34.5 


33 

(pC/N) 

-0.93  E  /320 
P 


0.24 
12 

10.32 
7.84 
85.6 


Reference 

this  work 

8 
18 

8 

8 
19 
20 
20 
20 

20  . 
20 


Figure  1. 


Specimen  electrode  arrangement 


Figure  4.  Temperature  and  current  for  PVC  specimen  Al  poled  at 
320  kV/cm.  Cooling  produced  a  negative  current  from 
the  "plus"  electrode. 


Figure  5.     Pressure  and  current  for  PVC  spe^^imen  Al  poled  at 

320  kV/cm.  Pressurizing  produced  a  negative  current 
from  the  "plus"  electrode. 
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'igure  2.     Specrnien  holder  showing  specimen  in  place  in  botton 
'of  chamber. 

i 
i 
I 

i 

t 

? 
I 

i 

i 

«  i 
! 
! 

#  "  .  ! 


I 

I 

) 

j 
( 


itigure  3.   -Specimen  holder,  pressure  and  temperature  control  devices 
and  current  measuring  and  recording  equipment. 


